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BXPERIMENTAL INVRNTIGATION OF HIGH PERFORMANCE,
SHORT, THRUST AUGHENTING EJECTORS
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ABSTRACT

Regsults of an experimental investigation concerning the design and
testing of air-to-air thrust augnenting esjectors utilizing short
curved-wali diffusers are presented. These sjeccors were desigued
primarily according to the procedure established in an analytical research
affort sponsored by DTNSRDC from 1980-198l. Two of the three ejectors
tested have ldentical mixing chambars. The wixing chamber irlat area to
the prisary noxsle areu rat;o A was 40, The overall ejector
langth-to-mixing chamber diameter ratios (L/D),,cva1y Were 6.09 and 6.16;
diffuser area ratios (m)diff were 1.33 and 1.46, respectively. The third
ejector had an (LID)over.llot 6.02, a A of 20 and an (Ak)diffof 1.26.

\ The hest observed thrust augmentation ratio ¢ and the modified thrust ‘

auzmentation ratio ¢2 were 2.11 and 1.91 respectively for a sonic primary

jet. The mrdified thrust augmencaticn ratio ¢2 accounts for the penalty of
suction in preventing flow separation in the diffuser. These lavels of
thrust ratio were derived from velocity measurements at the ejector exit.

Independent thrust measuremwnts obtained with strain gages on the mixing

;
.

chanber agree with tie force calculated from the momentum data. The :
expeiimentally observed ejector performance data ~orrelate well with the '

e T o mmEm T v
. (el .

q predicted value:.

S ADMINISTRATIVE INFORMATION

?ﬁ This experimental investigation was supported by the David W. Taylor
2 Naval Ship Research and Developwent Center (TLTNSRIX) aad the Naval Air

- Systems Coumand {NAVA{R)} under Navy contract NQU167-81-C-QU87. ‘(he work
= was technically under the cognizauce of D. G. Kirkpstrick (NAVAIR-31l1D) and
& T. C. Tai (DTNSRRC 1606).
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INTRODUCTION
Background

The use of a jet ejactor for augmenting thrust offers a solution to
some critical problem areas in the desiga of vertical/short takeoff and
landing {V/STOL) propulsion systems. The benefit of using ejectors,
however, is seriously offset by the complexities. The criteria for uasing
such a thrust system are: (1) The system mat be short enocugh to saticfy
space and limitations, end (2) it must provide high thrust augmentation to
yield a sudstantial net gain in a praccical application.

In 1972 an exploratory expariment was conducted by Yang and El-
Nashexr!® at Cleason University to exumine the impact of a highly
effective, short diffuser on the flow entralicment of an e)ector. ‘wo
ejectors were used in that preliminary study. Geometrically, the overall
length-to-diameter ratics (L/D)over‘llpt the tested ejectors were 4.9 and
6.5, and boeth had a contraction at the mixing chamber exit (the diffuser
inlet). Steam was used as the primary flow; ambient air was the entrained
sacondary flow, The nacessary boundary layer control for the short
diffuser was arcomplished with a centrifvgal pump. No data were taken to
detearmine the boundary layer suction flow rate and the power consumption of
the suction pump. The pressurs readings and velocity traverses, nowever,
provided enocugh information to determine the mass ratios. The mass ratios
of these ejectors were several times higher than those of conventional
ejectors. Based on the conventional definition of ¢, the thruat
augmentation ratio (not strictly applicable for these ejectors) was
calculated from the pressure and velocity measurements. A surprisingly
high maximum ¢ value of 2.81 was obtained.

In 1973 a set of experiments was conducted at Clewson by Tripathi?
to repeat the experiments of Yang and El-Nasher.! The praviously
obtained mass ratio data were confirmed. These ejector experiments,
however, did not go mich beyond duplication of the 1972 experiments.

A reduction in ¢ value should be expected when air is used as the
primary flow instead of steam. A further reduction should be expected in a
properly defined thrust augmentation ratio to account for the unargy
required in boundary layer suction. Nevertheless, the compactness of the
ejector and high expected values of the augmentation ratio present an
attractive design alternative.

*A complete listiug of references is given on page 61.
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Recent Results

An analytical study was conducted in 1980 under a research contract
with DTNSRDGI to establish:

1. A sethod to verify the obeerved ejector data reported in Reference
i, particularly the high mass ratlo.

4. A design procsdurs for short effective sjectors by incorporating
the short, curved-wall diffusers with the eajector mixing chamber design
deaveloped by Tai® ot DTNSRDC. 1In this analytical investigation, an
auxiliary ejector was used to provide the necessary boundary layer control

instead of a pump for suction; tharefor-~ a self contained, compact ejector
was modeled.

Based on the analytical results of Yang and Ntone,3 the mass ratios
derived from the 1972 experimental data are obtainable. PFurthermors, an

aiz~to-~air ejector with an (L/D%, ft less than 5, vhich provides an

effective augmentation ratio ¢2a£::::t.0, appears feasible. The affective
sugmentation ratio is defined in such a way that the inlet momentum of the
primary air used in the auxiliary ejector as well as the thrust
contribution of the auxiliary ejector are properly taken into account.
This level of thrust augmentation ratio can be reached provided

the mass ratio of the primary and suxiliary ejectors can be maintained
suitably high and the boundary layer suction flow requirement can be held
suitably low.

The overall length—to-diameter ratio of the ejector is determined im-
plicitly through use of the required mass flow ratio of the primary ejector
to mixing chamber flow. Use of a Griffith-type, short, curved-wall
diffuser.s coupled with the DINSRI'C design program, offers a significant
improvement in (L/D)overall over that obtained with the conventional dif-
fuser. A reductisn in (L/D%
ble.,

veral Pt 30 to 50 parcent appears to be feasi-

Objective

The purpose of the present work is to examine experimentally the
validity of the ejector design procedure proposed by Yang and Ntoned and
the values of thrust augmentation ratio of ejectors using short, curved-
wall diffusers with mixing chamber inlet area to primary nozzle area ratios
of 20 and 40.

|
|
e o J
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EJECTOR DESIGN

An analytical procedure wat developed to predict the thrust augmenta- ‘
tion ratio of an ejector utilising a short, curved-wall diffuser.3 This i
procedure enabled tha pressure distribution to da examined along the solid '
wvall of the diffuser, thus allowing the desiyn of a short, curved-wall
diffuser with no flow separation. By this procedure, the predicted ejector
performance could be obatined.

Figure 1 shows the major steps in analyzing an axisymmetrical ejector :
with a short, curved-wall diffuser. The aixing chamber is shaped like a |
circular pipe which may have a contraction toward the end of the mixing ?
chamber. To initiate the analyais, the arca ratio of the primary nozzle to
the mixing charber inlet and the ratio of the aixing chambar length to its
diameter (L/D) are specified. The diffuser length usually is restricted to
about one exit diameter of the diffuser. In additon, the static pressure
at the mixing chanber inlet and stagnation pressure of the primary air are
also specified. Both the entrained secondary flow from the stagnant
anbient and the primary flow within the nozzle are isentropic up to the
aixing chamber inlet. Specifying the static pressure at the mixing chamber
inlet, in fact, implies specifying the ratio of the secondary mass flow to |
the primary mass flow, Starting from the inlet, heat and momentunm
transfers were allowed between the primary flow and the entrained secondary 3
flow,

The first step in the analysis is to specify the mixing chamber
geometry by a selected dimensional value of C in the radius distribution
equation of Figure 1 along with other mixing chamber geometric parameters.
In step two, the DTNSRDC ejector progran4 is used to compute velocity and
temperature profiles and pressure values up to the exit of the mixing
chamber. Governing equations for the flow are of the boundary layer type;
therefore, pressure variations only exist along the flow directions and not
across the streamlinee.

In the third step, the mass—-averaged flow velocity and temperature are
computed. In the fourth step, one-dimensional, compressible isentropic
flow is assumed in determining the necessary area ratio to yield the
diffuser exit pressure at the atmospheric level (or the ambient level).

For other computations in this step, inviscid incompressible axisymmetric

4
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flow is assumed within the diffuser. As long as the flow along the solid
wall is maintained without deceleration, the inviscid flow approximation
can be justified. Under the framework of this approximhtion the vorticity
of the flow is assumed constant everywhere in the diffuser. The Clemson
Inverse Design Program6 is used to obtain the geometry of the short,
curved-wa’l diffuser for a specified area ratio at a length approximately
equal to one exit diameter. This length specification 18 somewhat
arbitrary, yet experience suggests that it should not be difficult to
achieve.

Immediately after the determination of the diffuser geometry, a com—
puter program is used in step 4 to examine the velocity distribution along
the diffuser wall. It is essential that there be no deceleration along the
solid diffuser wall. When necessary, the input for the Inverse Design
Program 1s revised to generate a new diffuser geometry. This process is
repeated until there is no deceleration along the diffuser walil. It is
sometimes necessary to revise the analysis from the very first step where
the mixing chamber inlet pressure is specified. An increase of the static
pressure at the inlet implies a reduction in mass ratio and, therefore, a
reduction in diffuser area ratio. Usually, this revision can eliminate the
problem of deceleration along the solid wall. For a configuration with no
deceleration, no flow separation will take place. I: is recommended that
the velocity from the diffuser inlet to the suction slot be kept slightly
accelerated.

The fifth step 1is to estimate the amount of fluid to be removed for
boundary layer control. For this purpose, it 1is necessary to know the
boundary layer profile immediately upstream of the suction slot. It is
reasonable to assume that this profile is the same as that at the exit of
the mixing chamber. By using this profile, the critical velocity deter-
nined by Taylor's criterion can be calculated, and the rate of boundary
layer removal can then be determined.

In ste 6, the modified thrust augmentation ratio¢2 is computed. The
congideration of the mass flow of the primary fluid used in the auxiliary
ejectors which provide the necessary boundary layer control and the thrust
contribution from the discharge of the boundary layer removal are included
in the definition of ¢2. A one-dimensional compressible flow amnalysis,
which assumes the mass ratios of the primary and auxiliary ejectors and
computes the mass averaged velocity at various parts of the ejector and the
momentum terms at the ejector exit, yields the thrust augmentation ratio

¢2‘
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In step 3, the velocity across the mixin ' rliamber exit has been
computed, and in step 4 an inviscid shear flow with constant vorticity
within the diffuser has been approximated. Theréfore, the velocity across
the diffuser exit can be readily determined. The last step, Step 7, is to
correct :he¢2 value by using the known velocity distribution across the
diffuser exit.

In the present study, an ejector was first fabricated based on the de-

sign using the approximation of constant vorticity in the diffuser for
"rotational flow calculation.” It was found that this ejector could not be
operated without flow separation. A refined analytical procedure which
requires no constant vorticity approximation was subsequently devised.
Results of the refined analysis indicate that the flow reversal within the

first ejector was inevitable regardless of the amount of flow removal for
boundary layer control. This flow raversal phenomenon, "inviscid flow i
reversal,"” is a consequence of the contiamity equation and the vorticity

equation requirements. The allowable area ratio of the diffuser without

flow reversal obtained using refined analytical orocedures is much smaller
than that resulting from a constant vorticity analysis. An outline of the
"refined rotational flow calculation” is presented in Appendix A.

SCOPE OF EXPERIMENTAL INVESTIGATION

Three ejectors were designed, fabricated, and tested. The design pro-
cedure,3 was refined to allow the vorticity to vary within the diffuser
instead of setting the term (w * V)u = 0, as was approximated in Reference
3. Ejector performance testing was carried out after the mixing chambers
and the auxiliary ejectors were improved. The exit vorticity at the mixing
chamber, or the inlet vorticity at the diffuser, was wmeasured for each
ejector and compared with the analytical predictions. The ducting
arrangement of the auxiliary ejector and the nozzle size of the auxiliary

ejectors were optimized. A single-jet, converging nozzle having a diameter

\ of 0.448 in. was used as the primary jet for tests at five nozzle plenum
Li* pressu-e levels with four or five boundary layer suction rates. An
eight-jet converging nozzle of the same area was used to repeat wmore than
one~half of the test runs of the single jet nozzle. These tests were

performed to determine experimentally:




1. Mass ratio MR of the entrained secondary flow to the primary

o flow of the ejector.

2. Mass ratio (MR),,y Oof ‘the auxiliary ejector.

3. Thruet of the mixing chambe'

4., Momentum of the flow at the exits of the ejector and the aux-
iliary ejector. ,

5. (¢2 )ula as a ‘unction of the ptimary nozzle plenum chamber

pressure at various levels of boundary layer removal.
TEST MODELS, FACILITIES, AND MEASUREMENTS

Ejector Geometry

Figure 2 shows the geometry of the first ejector designed without the
benefit of the "refined rotational flow calculation” analysis. It has a A
value of 40, a mixing chamber (L/D) of 4.0, and a diffuser area ratio of
2.2. The modified thrust augmentation ratio ¢2 was projected to be 1.50.
This ejector did not operate satisfactorily. In particular, there was
difficulty in getting a reliable mass balance because of flow separation in
the diffuser.

Figure 3 shows an ejector which has a A value of 40, a mixing chamber
of 4.82 (L/D), and a diffuser area ratio of 1.33., The diffuser of this
ejector can be changed to an area ratio of 1.46 by changing the curved-wall
ingserts to thus form a new ejector but with the same mixing chamber and A
value.

An ejector with a A value of 20, a mixing chamber length-to-diameter
ratio of 4.75, and a diffuser area ratio of 1.26 is shown as Figure 4.
Systematical tests were conducted to determine the effective thrust
augmentation ratio ¢2 for these three ejectors (diffuser area ratios 1.26,
1.33 and 1.46). Two types of primary nozzles, single-jet and multiple-jet,
were used. They are shown in Figures 5 and 6, respectively.

For auxiliary ejectors, a multiple-nozzle (16) annular auxiliary
ejector was used on the first ejector having a diffuser area ratio of 2.2;
see Figure 7. Although this design concept was discontinued because
initial experimental results were unfavorable, it continues to be an

attractive design for its compactness and is worthy of further study.
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Figure 8 shows the auxiliary ejector used in the ejactor performance

testing. The ejector is of a conventional design, and the primary nozgle

size was optimized for the operational conditions of the main ejectors.

Test Facility

.
..
e

Figure 9 is a schematic of the test setup. Figure 10 shows the
ejector performance test setup. The compressed air used as the primary
fluid for the ejector and for the auxiliary ejector was supplied by an
oil-less ESH Ingersoll-Rand compressor, which has a maximum capacity of 204
ACFM at 90 psig. The compressed air was cooled using an aftercooler and
then routed to a 3-ft-diameter 8-ft-high surge tank. From there the air
was delivered through a 2-in. pipeline to the laboratory. A gate valve was
usad to control the air fl&w into the test loop. A Fisher model 95L (10-30
psig) or model 95H (25-75 psig) regulator was used to regulste the pressure
of the primary flow for the ejector nozzle. A Cox turbine flowmeter was
installed downstream of the pressure regulator, and an electrical
resistance heater (rated 5.6 kW and controlled by a voltage regulator) was
placed downstream of the flowmeter. A flexible metal hoase was used to
connect the heater and the converging nozzle plenum. In the cther branch
of the test loop, compressed air was supplied to a converging nozzle of the
auxiliary ejector. A Norgren model R-17-800 regulator was used upstream of
a Meriam laminar flow element. The latter was used to meter the primary
flow rate of the auxiliary ejector.

The primary nozzle and the mixing chamber of the test ejector were
mounted on an alignment device to ensure that the centerlines of the
primary nozzle and mixing chanber were exactly aligned. A set of eight
sliding ball bearings were used to allow the mixing chamber to move freely
in the axial direction. A force measuring device, utilizing a set of
strain gages, was mounted rigidly on the mixing chamber to provide a direct
measurement of the thrust force on the mixing chamber., The mixing chamber
and the diffuser were assembled together as one integral part which moves
freely relative to the alignment rig. The alignment rig was mounted firmly

on a stationary supporting stand. The curved wall diffuser insert
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downstream of the suction slot could be adjusted relative to the upstream
insert to vary the slot size or the gap between the inserts. Four suction
ports were provided, and a featherwaight flexible hose was used to :
construct the manifold which le . to the inlet of the auxiliary ejector.

The primary jet, the mixing chamber, and the diffuser of the asuxilfiary
ejector were all firmly mounted to the stationary stand. The featherweight
flexible hose minimized errors in the thrust force measurement on the

aixing chamber of the ejector.

Instrumentation and Measurements

Instruments were used in the test for pressure, momentum, mass flow
rates, and force measurements at various locations of the loop. First the
ambient temperature and pressure were measured using a mercury thermometer
and a wercury well-type baroaeter, respectively. Teamperature measureaments

were made with iron—-constant thermocouples, a multi-point selector model
405A and a digital readout Trendicator, both by Omega Instrument Company.
The following were used ~o provide pressure data: one 90-in. U-tube,
mercury manometer; one l0--tube, 60-in. wercury manometer bank; one 20-tube,
60-in. water manometer; one Edcliff model 4-500 differential pressure

transducer having a range of 0-1 psid; and one Validyne model D-7-D differ-
ential pressure traasducer with carrier demodulator model CD10O for a range !
of 0-10 psid along with a 48-channel scanning-valve device. The output of |
the transducers was displayed on a digital voltmeter manufactured by

Nationwide Electronic Systems Inc. Concurrently, the output signal was fed
through a laboratory fabricated signal conditioner to a Western Union Data
Service Co. teletype which provided a hard copy for the pressure data and a

coded paper tape for subsequent computer data reduction. The masa flow

rates of the primary flow of the ejector were meagsured upstream of the con-
verging nozzle using a Cox turbine meter, model AN GL32, and a Hewlett-

Paclard 5326B counter.

Masas flow rates at the nozzle were determined from local plenum
chamber pressure and temperature measurements. The mass flow rates of the
primary flow for the auxiliary ejector were measured upstream by using a
f‘ Meriam laminar flow element and the plenum pressure and temperature
measurements. A United Sensor Kiel-probe and a miniature Kiel-probe of the

same make were used to determine the mass flow rates at the exits of the

i . NPTt e e L.
h e b i 3 i e e e P S A




......

-

T
.........

ejector and the suxiliary ejector, respectively. Each of the Kiel-probes
was connected to a chsnnel of tha scanning valve. Each probe haa a holder
wounted on a transverse bar with a custom made scale for each tested
ejector and auxiliary ejector for rapid 10-point traversing across the
exit,

The static pressure of the ejectors was also traversed by using a
United Sensor pitot-static probe. A similar probe holder and traversing
scale wvas provided for thie also. These traverses provided both mass flow
rate and the momentum flurss at the exits of the ejector and the auxiliary
ejector. Indirect mesasurements of entrained secondary mass flow rates were
obtained by traversing at the exit of the mixing chamber of the siector
during the components testing. During several test runs mass flow rates
were determined by two independent data sources for verification. In the
earlier part of the project, Micro-measurements type EA-13-124AC strain
gages were ugsed as sensors and a SR-4 strain indicator type N manufactured
by Baldwin Lima Hamilton Company was used for readout of the thrust force
on the mixing chamber. Later, an indicator of higher resolution
(VISHAY/ELLIS-20) became available and was used for the A = 20 single-jet
test series. The thrust force measurement provided an independent data
source to check the value of exit momentum derived from the Kiel-probe

measurements,

TEST CONDITIONS AND PROCEDURE

Test Conditions

After much effort in the preliminary test runs, three ejectors (two
with A equal to 40 and diffuser area ratios of 1.46 and 1.33 and one with
A equal to 20 and a diffuser area ratio of 1.26) were successfully operated
without flow separation in their diffuser sections. These ejectors were
systematically tested. Table 1 lists the test parameters and performance
characteristics for these ejectors. The plenum pressure of each ejentor
was set at five levels (10, 17.4, 23.2, 29.0, and 35.5 psig, 10 psig being
the design value). The ambient static and also the stagnation pressure was
approximately 14.5 psia which resulted in pressure ratios of the stagnation
presgsures of 1.67, 2.21, 2.61, 3.02, and 3.47. The plenum pressure of the
primary flow of the auxiliary ejector was selected at five levels (7.5, 10,
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12,5, 15, and 17.5 psig) for ejector primary flow plenum pressures of 10,
17.4, and 23.2 psig. The auxiliary plenum pressure was selected at four
levels (12.5, 15, 17.5, and 20 psig) at primary flow plenua pressures of
29.0 and 35.5 psig. Tha temperature of the primary air of the ejector was
elevated to 164°F by passing the air through a 6-in. pipe containing
suspended electrical heating elements. The heated air expanded through a
converging nozzle to reach a static temperature of about 80°F, or
approximately the static temperature of the entrained secondary fluid.

The gap between the two curved-wall sections of the diffuser was
adjusted to yileld a maximum vacuum of the {irst mixing chamber static
pressure reading. Although no exact size was recorded, the gap was between
1/4 and 3/16 in. for all ejectors tested.

Test Procedures

Ejector component test rigs (Figures 11 and 12) wvere designed to
obtain flow velocity profiles at the mixing chamber exit and to obtain the
performance of the auxiliary ejector. These rigs were operated at a
similated diffuser condition with no flow separation in the diffuser. In
the early stage of the project, the first ejector having A equal to 40
(using an approximated rotational flow analysis) had a diffuser area ratio
of 2.20, This area ratio was too large for the diffuser inlet vorticity, g
and flow separation persisted in the diffuser. With the refined rotational ‘
flow analysis, a new ejector was designed to have an area ratio of 1.64;
this area ratio was still too large. The computed vorticity obtained from

the DINSRDC computer program used in the rotational flow analysis was lower
than the value derived from the measured velocity at low pressure ratios of
the stagnation pressures. Until the diffuser area ratio was reduced to
1.46, flow separation within the diffuser persisted. Considerable effort
was required to eliminate flow separation in the short, curved-wall
diffuser, and this was achieved largely on .he ejector performance test
stand rather by component testing.

The mixing chamber length for a )\ of 40 was also reduced from 15.5 to
13.5 in. on the ejector performance test stand. The first mixing chamber
wall static pressure tap was used to monitor the flow rate of the entrained
secondary flow, and tufts attached at the diffuser exit were used as

indicators for flow attachment. 1In this length reduction process, no

11
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secondary flow reduction was detected in the first one inch trimming. A
reduction of 0.2 in water was observed in the wall stat!c pressurs reading
when the length was reduced to 13.5 in. No flow separation was iyvdicated
by the tufts. This process was carried out at a plenum pressure of 10 psig
for the primary flow of the ejector.

The preliminary test for the suxiliary ejector went through several
design concepts. PFirst, a 16-noszle annular ejector with ouly the mixing i
chamber was tested. An annular diffuser was later added to the exit of the
aixing chamber. Three sets of noszle lengths were used to regulate the
nozrle exit position relative to the entrained flow inlet. The annular
auxiliary ejector effort was conducted using an ejector diffuser with an
area ratio of 2.20. As satisfactory results were observed, an auxiliary
ejector with a cylindrical mixing chamber and a long conical diffuser was
used. The exit diamater of the converging nozsle of the cylindrical
auxiliary ejector was optimized to yield a maximum mass ratio for the
ejector operating at a primary plenum pressure P, of 10 ps:g.

When the praliminary tests were completed, systematic test runs
compenced. For each test run the plenum pressure levels for the primary
and auxiliary ejectors were adjusted to the preselected values via pressure
regulators and monitored by manometers. The plenum temperature of the
primary air of the main ejector was regulated to yield a preselected
temperature by adjusting the voltage regulator of the electrical heater. A
miniature Kiel-probe was used to traverse the auxiliary ejector exit. A |
Kiel-probe and a static pressure probe were used to traverse tlie main i
ejector exit. A 10-point method was used for traveraing the entire
diameter yielding 20 stations for both stagnation and static pressure
readings. These pressure readings and the wall pressure readings of the
mixing chambers and the diffusera were recorded either via pressure
transducer-scanning valve to teletype arrangement or pressure transducer-
scanning valve to an Apple computer for data reduction. Strain gage output
was read as a direct measurement of the force on the mixing chamber.

\ Normally, 30 to 40 minutes was required to complete one test run. Care was
r., exercised to ensure that the pressure levels of the primary flows, the
temperature of the heated air, and the strain gage output readings did not
“drift” during the test period. Therefore, these readings were repeated at
the end of each test run. The method of data reduction is presented in
Appendix B.
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DISCUSSION OF RESULTS

Thae results of this axperimental investigation are presented for:
(1) the maximum modified thrust augmentation ratio (Q)m versus pri-
mary noszle pressure ratio PolP..b; (2) a comparison between the
theoretically predicted and the experimentally determined 4 9 (3) a compar-
ison between values of thrust force ou mixing chamber determined from ‘
direct force mwasurements and those deterained from the integrated momentum
measurements at the diffuser exit; (4) a typical velocity distribution at
the exit of the mixing chamber, computed and measured; (5) a typical
velocity distribution at the diffuser exit, computed and measured; znd (6)
typical wall pressure distributions for the aixing chamber and diffuser.

Thrust Augmentation Ratio versus Primary Noszszle Pressure Ratio
Figure 13 shows the loci of the maximums of 02 versus the primary

nozsle pressure ratio. The number shown in Figure 13 adjacent to the data
point refers to the run number listed in Table 1. This curve was derived
from a set of parametric performance curves in Figure 14 for A= 40, AR = |
1.33, (L/D)

overall
first data point in Figure 13 is for (P 1.66 at a pressure ratio of 1.67,

= 6.09 and a single jet converging primary nozzle. The

which was the pressure ratio used in the design of the test ejector. The }

next maximum occurred at a higher value of ¢2 when the pressure ratio was
increased to 2.21. The peak in ¢2 teached 1.88 at the tested pressure ratio

of 2.61. Any further incresse in pressure ratio resulted iz a decreasa of

¢

2.
t‘ The Parametric performance curves in Figure 14 show that at low
[ pressure ratio, ¢2 increased as the boundary layer suction was increased.
Initially, an increase in Po, aux led to an increase of mass entrainment

@ g;and an increase in mass flow rate n, at the ejector exit. The value
of r'lsl continued to increase with further increase in suction, but e
decreased. For each primary nozzle plenum pressure P,, there is a

maximum value of momentum at the ejaector exit. The change of suction
percentage values for peaks of ¢2 at different pressure ratio P,/F,,, does
not exhibit a simple trend due to the definition of ¢2, which reflects not
only the performance of the ejector but also that of the auxiliary ejector;

13
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for example, at By /B = 1.67, ( ¢ ).  occurred at 13-percent suction.
When P,/Punp incraased to 2.21, however, the ( ¢,),,. occurred at 7-percent
suction, and at P /Pgq = 2.61, ( 02 hax Occurred at 3.7-percent suction.
Further increase in pressure ratios to values of 3.02 and 3.47 resulted in
the shifting of peaks to 6 and 6.3~-parcent respectively.

Three of the five parametric curves shown ia Figure |4 were repeated
with an eight-jet converging nozzle; othervise the test conditions were un-
changed. This nozsle has a totsl exit area of 0.153 1n2, while the
single-jat nozsle has an exit area of 0.146 in2, Although it was
intended to have two nosziss with the same exit area, fabrication diffi-
culties casued a slight difference. Figure 15 shows tha loci of the peaks
of ¢2. and Figure 16 chows the parametric performance curves. The curve in
Figure 15 is substantially lower than that in Figure 13. Tai® has shown
potentially thac :n annular nozzle would have a higher thrust augmentation
vatio. The present investigation did not demonstrate this potential. It
is believed that blockage of the center passage at the ejector inlet
should, in part, account for the deficiency.

Figure 17 shows the loci of (¢, .. versus the pressurs ratio Poleb
for ca ejector having A = 40, AR = 1.46, (L/D)gyaral} °f 6.1t and a single-
jet nozalse. In fact, the same mixing chamber vas used in the ejector as
that presented in Figure 13. Curves shown in Figures 14 and 18 are

ginilar. The entrained mass flow m in general, is slightly higher for

si
the ciector with AR = 1,46 than sor ths one with AR = 1,33. The peak
values £ the exit mocuentua, however, were slightly lower for the former
than the lacter. The primary flows ipaof the auxiliary ejector for both
diffusers were approximately the same; while the suction flow rates Bouc
were uigher ia the unit having AR = 1.33 than in the one with AR = 1,46
because a lower vacuum existed across the suction slot in the diffuser
having AR = 1.33. It is apparent that for the same ejector exit mowentum,
a d.ffuser with the smallest area ratio should be used. For AR = 1.46, a
value of (¢2)max equal to 1,91 occurred at a PO/Pamb value of 2.6. The
design pressure ratio was 1.67. Figures 19 and 20 are results for an
ejector of AR = 1.46, (L/D),yarall

The value of (¢2)max = 1.64 occurred at P,/Pynpp = 2.6.

= 6,16 with an eight-jet primary nozzle.

14
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Figuze 21 shows the loei of (92 Lu: for each testad pressure ratio
Po/P  mp fOr an ejector of A = 20, AR = 1,26, (L/D)yqpra;y ™ 6:02 and &
single~jet nossle. This mixing chamber cross—-sectinnal area is onshalf of
that of the mixing chamber of the two previously described ejectors. The
peak of Figure 21 is 1.50 versux a value of 1.91 for A = 40, Over a droad
range of pressure ratios, this sjactor was able to maintain a valua of
about 1.50. Figure 22 shows the parametric performance curves from which
Figure 21 was derived. PFigures 23 and 24 are similar to Figures 21 and 22,
except that and eight-jet nozgle was used instesd of a single- jet noszxle.

Rjector performance versus pressure ratios for ejectors with AR = 2.0
and A = 40 (Reference 3) were computed with assumed values of fraction of
suction, f£f.s., and mars ratio of the auxiliary ajector (Hl).ux. Using the
experimentally messured values of f.s., (Hl)aum? and vorticity w at the
diffuser inlet and the analytical procedure of "ang and Bl—Nauh.r,l three
performance curves (one for each ejector tested) were obteined. Figure 25
amb® The dic-
crete points are experimental data. In esseuce, this comparison reflects
the validity of the global analysis developed by Yang and Ntone3 and the
refined rotational flow analysis developed during the present experimental

shows these curves of predicted ¢2 versus prescure ratio Po/P

investigation. Good agreement is observed between the analytically com-
puted and the experimentally observed ¢2 values ovar a major part of the

Po/Paph range.

Thrust Augmentation
The thrust of the type of ejectors studied in this iavestigation is

the integrated force at the ejector exit. As stated, the values of this
force were obtained using two approaches: (1) the difference between the

E;
p

momentum at the ejector exit and the momentum at the primary nozzle exit
and (2) the direct force measurement using the strain gage arrangement (see

section on Instrumentation and Apparatus). Figures 26 through 31 show com-

‘ parisons of the integrated forces determined from the two different

; approaches for ejectors with AR = 1.26, AR = 1.33 and AR = 1,46. Again,

: the number shown in the above figure adjaceat to each data point refers to
: the run number listed in Table 1. A majority of the data points fall on a
line of 45 deg., but are displaced up to 0.3 1b to give higher values of

15
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thrust derived from the momentum measuremsnts. It is believed that the
experimintal apparatus was not totally free to move before ths cantilever
arm of the mixing chamber came into contact with the motion stop. There
appears to bs a small but systematical error in the strain gage force
neasurements introduced by the prssenca 3>f tha suction manifold of the
suxiliary ejector. Allowing for this, the thrust determined from the two
approshces shows goud corslation with wost of the data in the low and
wadium tastad pressure ratioe of ’o/’a.b‘ Greatar deviationa ware observad
ia the high pressure range for multi-jet noszle test runs. This increased
deviation could be dus to The static pressure across the mixing chamber
inlet not being constant as was asauwmed.

Velocity Distributiona

Figure 32 shows two typical normalized velocity distributions. The
distribution indicated by the solid line was obtained using the DTNSRDC
computer program of Tat. b Experimentally measured mass ratio MR and
presaurs ratio Poil‘“b woere used as inputs for this computation. This mix-
ing chambar exit {s located 4,82 diameters downstream from its inlet. The
velocity distxibution showm oy discrete points was obtained using a ainia-~
ture Kiel-probe and a static prassure probe. Basic features of a szhear
flow were observed in both profiles. Because of the size of the probas, no
measuremants were taken closer than 1/16 in. from the wall. The vorticity
values derived from the measursd velocity are about 10 percent higher than
those derived from the computed distribution at P, /P, = 1.67. Good
agreement in vorticity values was observed at higher pressure ratios. FPif-
teen sets of velocity distribution were examined for this investigation.

In static pressure measurements the centerline presgure usually was 1.0 to
2.0 in. of water lower than that at the wall.

The velocity measurements at the exit of the mixing chsmber provided
information for correcting vorticity w in computing diffuser exit velocity
for the rotational flow analysis. The velocity measurements alsu provided
an independent source from which the entrained flow rate &81 was deter-—
mined. Figures 33 and 34 provide similar information for ejectors having

AR values of 1.46 and 1.26, respectively.
16
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Pigure 35 chows a typical sxit velocity distribution for an ejector
having AR = 1,33, The solid line curve is the computed velocirty
distritution using the refined rotaticousl flow amalysis; See Appendix A.
The feature of shear flow is preserved in both tha computed and the
experimentally measured velocity distriuciona. Sceady flow prevailed over
the entire test vanges of p, and Po,aux’

The velccity measurements at tha diffuser exit provided key elements
of data for evaluation of thrust augmentation fatio 02 nass flov rate
'n,. and mass flow ratio MR. The MR is dafined & i.llip. and the entrained
wass flow rate m,} Vas determined from

sl " B Tigy ‘p
Then,

m = -t .
suc | Be,aux " Up

Independent checks on @y, Vere made uting the equation

ﬁsl " ll'ulc: b hp

The values of i, as deterained fron Chese two independent approaches
differed by no more than & percent; thurefare, the MR values are considered
to be accurate within 4 percent. _

Figure 36 shows the typical velocity ‘dintribution of the ejector having
AR = 1.46. In this figure, the measured velocity distridbution shows a
slight asymmetric nature of the flow. During the rest a cartain degree of
unsteadiness was observed in a small region near the left side of the
diffuger wall. Pigure 37 shows the siailst informstion for the ejactor
with AR = 1,26, Steady flow prevailed in thig ejactor over most of the
operating ranges of P ° and P 0,aux’ exCept When P, Wwas around 30 psig. In
all three figures the measured peak velocitieg fall below the computed
values. During the test, unusual welocity digtributions were observed both
at the exit of the mixing chamber and at cthe exit of the diffuser for the
ejector with AR = 1,26 and A = 20 when the primary nozzle plenua pressure
vas set between a narrow range of 30 to 31 psif., These profiles are

presented in Figures 38 and 39.
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Wall Pressure Distributions

Figurs 40 shows the typical msasured and computed prassure distribdu-
tions along the diffuser wall for an ejector having AR = 1,33, The com—
puted pressure distribution used the computer prograa of Tai® for the
aixing chamber portion and the Bernoulli equation in conjunction with the

wall velocity from rotational fiow analysis for the diffuser portion. The ;
wall pressure readings throughcut the ejectors were below ambient pressure.
The static pressure at the end of the bell mouth was used as the normaliz-
ing factor. The computed pressure level within the aixing chamber was
significantly lower than the measured level. Within the :liffuser favorable
pressure gradients were prascribed initiaily to the solid wall portion
(upstrean and downstream of the suction slot) of the diffuser designed with
the irrotational flow, inverse design program. The rotational flow compu-

tation also predicted favorable pressure gradienta. Owing to the fact of
low diffuser area ratio, attached flows wirn maintained aven though the
experimental data exhidited deceleration both upstream and downstream of
the suction slot.

Figures 41 and 42 show the wall pressure distributions for ejectors g
with AR = 1.46 and 1.26, respectively. In spite of a seeaingly over- |
deceleration exhibitad immediately upstveam of the suction slot of the
ejector with AR = 1,26, no apparent flow separation was observed. The
attached flow may be attributed to the low AR value, In Figures 40, 41,
and 42, the feature of sudden prassure rise across the suction slot was

also preserved in the measured pressure distribution.

CONCLUSIONS AND RECOMMENDATIONS

F. . It is noteworthy that the peak values of the thrust sugmentaticn
- (¢,)max Feached 1.91, 1.89 and 1.62 for } = 40, (L/D) . 1) = 6.16
- and 6.09 and for A = 20, (L/D)overall = 6,02, respectively. Higher values
' of (¢,) and shorter overall length-to-diameter ratios are believed
2 /max

¢ to be possible with further improvement of the auxiliary ejector.
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The computation and measurements of (¢2 )m ax versus Po /Pamb
the three ejectors are in good agreement. The differences are attributed to
the analytical assumptions that (1) uniform and ambient static pressure
prevailed at the ejector iilet, (2) uniform static pressure existed at the
diffuser inlet, and (3) the flow was inviscid in these diffusers. The error
introduced by the assumptions of uniform and ambient static pressure was
more pronounced when the ejectors were operated at higher levels of

PO/Pamb ratios, where the entrained velocities were high. The deviations
between the measured thrust on the mixing chamber and that calculated from
the momentum considerations are larger at higher Py/P g levels. Relaxing
these analytical assumptions would increase the cost of computation
considerably. The estimated maximum possible error in tie measured (¢2me
is +5 percent of the values presented. The predicted pressure distributions
along the diffuser wall deviated from the measured values, particularly near
the suction slot. Iuprovement in ithe rotational flow computation is

needed.

It is envisioned that ejectors of the type tested would have potential
application to flight controls such as yaﬁing and rolling of V/STOL air—-
craft. In this application, the overall length of the ejectors perhaps
should be further reduced.

During the project, it became apparent that a computer code for an -
inverse solution of rotational flow to design the diffuser would be highly
desirable, particularly to further improve (®5)p...

The auxiliary ejector of the test model and the ducting used in this
investigation could be designed more compactly. The original concept of
using an annular auxiliary ejector was abandoned halfway through the project
because of the unsuccessful operation of the diffuser with an area ratio of
2.2. It is highly probable that the annular auxiliary ejector could have
worked for a diffuser with an area ratio of 1.33 or 1.26.

Further recommendations are to:

1. Establish a computer code of inverse rotational flow for the
diffuser design to simplify the computational procedure and to
optimize the ejector momentum output.

2. Refine the auxiliary ejector design to further improve the per-

formance.
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Step 1 Prescribe C value of the
aixing chamber contraction

x
TR n,mixing chamber ~ ¢ tanh {5 © -7 ¢

v

Step 2 “DINSRDC Program”
Computation up to
mixing chamber exit

v

Step 3 Average tempersture and
velocity and pressure
at mixing chamber exit

v

Step 4 Compute diffuserd areads ratio AR,
Go to "Inverse Design Program”
and "Rotational Flow Calculations”

Y

‘tep 3 ICalculatc critical veloecity U,

and suction flow rate

\Y

Step 6 Calculate thrust augmentation
ratio ¢7 using
"Global Analysis"”

o l\}
Step 7 Correct ¢, for
non~uniform flow

r.
- Figure 1. Block-diagram showing the major staps in ejector analysis.
o
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Figure 2.

Geometry of ejactor with diffuser area ratio ‘
of 2.2, A = 40, (L/D) = 5,26 and 16 jets
for auxiliary ejector?verall
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<
) boundary layer
; removal
(
ﬁ Figure 3. Geometry of ejector with diffuser area ratio
: of 1.33, A = 40, (L/D)overall = 6.09.
?‘ (Inserts were replaced to form diffuser area
; ratio of 1.46, * = 40 and (L/D)overall = 6.16.
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- Figure 5. Single-jet coanverging nozzle.
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Figure 6. Eight-jet converging nozzle.

primary flow for
auxiliary ejector,
16 jets

mixing chamber of
annular auxiliary
ejector

Figure 7. Sixteen-jet annular auxiliary ejector.

29

. Dt s Duinal San 2 AP W.N DT VPP ST “SUTPUIE WL I (RN PSP TP SO DSV N BT S S S




EIP T e e Tt Tan T T T T b Tat Tt ta Rty T S S S S S S S U D I T S A AT R SR A SRR IR S
L N R A - ot Ta Tt LR Tat g ® et Tt Tar T Tt T et et et tar T e Tt T T e Ter e Nt Tt e et e et e e e T et et et s v

1.8401n.

d=0.156 ln. for (AR)gs »1.33 and 146
'd=20.140 in. for (AR)g;4s =1.26

Figure 8. Single-jet auxiliary ejector.
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Figure 9. Schematic of test setup.
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Figure 1l1. Front view of the mixing chamber test rig for
diffuser inlet velocity profile,

auxiliory ejector

Figure 12. Top view of the auxiliary ejector test rig
for optimizing nozzle diameter.
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- Figure 25. Comparison of analytically and experimentally
determined ¢, values at various Po/Papp ratios.
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Figure 26. Comparison of measured and computed thrust on mixing
chamber, AR = 1.26, A = 20, single-jet nozzle. '
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,. Figure 27. Comparison of measured and computed thrust on mixing
= chamber, AR = 1.26, A = 20, eight-jet nozzle.
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Calculated Thrust on Mixing Chamber From
Momentum Data {¢=1)(MV);,1b¢

Figure 28. Comparison of measured and cowmputed thrust on mixing
chamber, AR = 1.33, A = 40, single~jet nozzle.
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APPENDIX A
A REFINED ROTATIONAL FLOW ANALYSIS

In view of the experimental difficulties encountered during the testing
of an axisymmetric ejector designed (according to the theoretical considera-
tions of Reference 1) for a mass ratio MR = 12 and with an inlet secondary to
primary area ratio A = 40, it became apparent that a modification of the dif-
fuser analysis to account for the change of vorticity along the streaamlines
was necessary. In this analysis,z the governing equations of a rotational
flow of constant vorticity at the inlet of a diffuser are derived. An
auxiliary finite difference calculation is used to predict the flow behavior
at the diffuser exit. In addition, the theoretical basis for a computer
program analyzing a flow within a diffuser designed with potential flow theory
and receiving a rotational flow of constant vorticity, is outlined

Governing Equations

The flow under consideration is assumed to be incompressible and axially
symmetric. For the particular case of a Griffith diffuser designed with {rro-
tational flow theory, it is further assumed that viscosity effects can be
neglected if deceleration can be avoided along the diffuser wall. Under these

circumstances, the governing equations for the fluid motion are:

1. Continuity:
For a cylindrical coordinate system in which x is the axial coordinate
and r 1s the radial coordinate, the continuity equation is

du au

x r r_
Ix ar + r 0 . (1

[+

‘where uy; and u, are the axial and radial components of velocity, respec-

tively. Equation (1) leads to a stream function ¥ deflined by

u_ = 1 and u_ = - 12w
r 9r

X r r 9x (2a,b)

2, Vorticity:
The vorticity vector w is defined by
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g 3)

where U is the velocity vector. In the case of an axisymmetric nonswirl flow,
the tangential component of 4 is zero, and no derivatives are considered in
the tangential direction. Therefore, Equation (3) reduces to

- aur Bux
il 4

Notice that the right side of Equation (4) is just the tangential component of
3, and the vector notation can be dropped. Substitution of (2,a) and (2,b)
into (4) yields

2 2
-BJZ-‘--a_%-lﬂ- -y (g‘)
9x or r dr )

Equation (5) is the equation of motion to be solved. At the diffuser
inlet w 1is constant and known (w = wy at inlet); it varies along a
streamline, and is therefore unknown in most parts oi the diffuser. Figure Al
shows a fluid element of area A contained in a meridian plane. That element

of area moves with the
AA

2

U

Figure Al, Fluii element at two positions.

flow, and the circulation around it is mlAA1 . The circulation does not

change when AA; reaches position 2, and therefore,

w, AA

184 = szAZ (6)
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For an incompresaible, axisymmetric flow,

rlAA1 = r2AA2 : (7) %

or , §
w w

1 2 w :

rl r2 - T = constant (8) 4

Equation (8) gives the relationship between the vorticity at an inlet point
and values of vorticity at any downstream point on the same streamline.

Boundary Conditions

Solving Equation (5) requires knowledgs of boundary conditions at the |
inlet, the exit, along the centerline, and along the walls of the diffuser. ‘
1. TInlet: The flow at the inlet is assumed to be parallel. Therefore,

u, is zero and (2a) can be integrated to yield:

1 . 2 1 3 %
Y = 2 U (x=0, r=0) r, 3 miri (9) |

where u,(x=0, r=0) is the centerline velocity at the inlet, and
ri is any radius at the inlet. wy is the inlet value of vorticity,

which is constant.

2, Centerline: An equation governing the changes in vorticity can be

written as:
—_—-—y (10)

Symmetry considerations suggest that u, = O at the centerline.

Therefore, @ is a constant along the centerline and equal to 4.

Also, ¥ is zero there.

?‘ 3. Along the upstream wall: From Equation (9), ¢ can be calculated at
- each inlet location including the wall. Along the upstream wall

(upstream of stagnation point of the suction slot), ¥ is comstant and

A

equal to the inlet value. Also, w can be calculated as:

i . (11)

Yy ¥ Ve T

51

| S

F- ettt desinmt et o o Mt ol i, PSP T Biih i A Bk bk e e Fo e e e m. mo ms s - e . om e o o 4 a4 e e




..
..
b
.
j

vhere ry iy is the inlet radius at the wall.

4. Along the downstreanm wall: If the fraction of suction f.s. is
specified, then can be specified along the downstream wall as
V= *st - ww,i (1 - f.s.) _ (12)
vhere wv i is obtained from (9). However, because the coordinates of
]
streamlines other than those of the diffuser walls are not known,
cannot be calculated in a straightforward mamner., The following

sections show how these w's can be found, and how boundary conditions
at the diffuser exit can be calculated.

Auxiliary Analysis to Calculate Exit Boundary Conditions:

With the knowledge of the inlet radius of the diffuser, its area ratio
AR, and f.s., it is possible to predict the flow conditions at the diffuser
exit, provided that the flow is parallel at the exit. The scheme in Figure A2
overcomes the difficulty resulting from the fact that the coordinates of the
streamlines are not all known, and that is not constant at the exit (which
makes Equations (8) and (11) inapplicable).

-Tst,e
-a"._-- re
-

. "
rw'. - ”l "0

. -‘_—‘ PR
sti [~ __-="
h -l -

Figure A2, Exit boundary conditions.

Consider Figure A2, where selected streamlines along the diffuser are shown.
Subscript "st" denotes conditions on the streamline corresponding to the

stagnation point. From Equation (9), with y= ws » Ty can be

t,e‘ wst t,1

calculated. Then Wgt, e is obtained as

i
w = r
st,e r . st,e
! st,i '
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Now consider Equation (4) which for a parallel flow becomes:

we = ;
oxr |
or in difference form !
3
Au_ = wAr |
x (13) |

If r is selected small enough, Equation (13) can be used to estimate
Uy o (vith an assumed uy ) as ) j

U,e T Yx,w,e T (g T
Now, Equation (2a) can be written in difference form as
Ay = ¢ ux Ar

which allows estimation of V, as !
Ve = wst,e - (ru) sve (rst,e - T (14) i

Equation (9), with ¥ = y,, can be used. to solve for rj, and we can be
, calculated froa

€

i
w =—— r
r,

e e
s

Tlaking another step r at the exit, the above procedure is then repeated.
Equation (13) is used to calculate a new Uy o> and Equation (14) 1is
used to calculate a new y,, etc. The calculation ends when r, = 0. How-

ever, since u was an assumed value, the values of u_ Wgs and we
»

| Bl
obtained at the end of' the calculation are not necessarily correct. They are
correct only for that particular value of Uow,e’ which yields v, = U at the
centerline (rg, = 0). Therefore, an iterative procedure is necessary to

obtain that value.

Flow Reversal in Inviscid Flow

One of the objectives of this analysis has been to explain some experi-
mental observations suggesting the existence of a reverse flow in .he diffuser
near the wall when large values of vorticity are present at the diffuser in-

L let. In Figure A3, the results from the auxiliary analysis are presented.

For an area ratio of 2.2 and an inlet nondimensional vorticity w = 0.72, the
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analysis predicts a reaverse flow near the wall, even though the flow is
inviscid. The magnitude of the reverse flow increases as the suction rate
increases, which is an undesirable situation. Tabla Al gives U, e

obtaincd for various values of AR, ¥; and f.s. For the same area ratio the
value of the velocity at the wall decreases when w; or f.s. increases. Also
for the same and f.8., uy g¢ o lncreases when AR

decreases.

Overall Diffuser Analysis

As mentioned earligt, the above scheme ouly suffices to determine ¥ along
boundaries. But in order to solve Equation (5), it is necessary to know the
values of W in the entire diffuser. Since they are unknown, an iterative
scheme was devised as follows:

1. Assume that is constant (w = wj) in the diffuser, except along the

boundaries where w is known.

2. Solve Equation (5) with the known boundary conditions on y (boundary
conditions at the slot exit are obtained the same way as those at the
diffuser exit),

3. Knowing ¥ at each point inside the diffuser, Equation 9 may be used
to calculate ry for each point (the inlet vo.ue of r corresponding
to the value of Yy at that point). This ensures that the calculated
inlet point is on the same streamline as the interior point. The

vorticity at the interior point is then obtained by

€

i
w=="r
r,

b 8

!

4. With the new values of w, go back to step 2, the procedure is
repeated until the difference between the 0ld aud new values of

becomes suitably small.
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AR=2.2

1
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Distance from centerline ry/r,,

0.0 0.2 0.4 0.6 08 10
' _ Velocity u, o 7u,(0,0)

O
n

Figure A3. Velocity distirubtions at diffuser exit for AR = 2.2,
w= 0,72 at suction fraction of 10 and 15 percent.
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Table Al. Results from short analysis for rotational flow.

(]
L AR w f.8. u
- 2.0 0.5 0.06 0.373
‘ 2.0 0.5 0.08 0.344 |
2.0 0.5 0.10 0.315 |
2.0 0.6 0.06 0.180 |
2.0 0.6 0.08 0.152
2.0 0.6 0.10 0.123
2.0 0.65 0.06 0.086 !
2.0 0.7 0.06 -0.006 j
2.2 0.5 0.06 0.221 |
2.2 0.5 0.08 0.194 %
2.2 0.5 0.10 0.167 |
2.2 0.525 0.06 0.171 |
2.2 0.525 0.08 0.145
2.2 0.55 0.06 0.124 j
!
L
L. 56 |
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APPENDIX B
METHOD OF DATA RRDUCTION

The primary information sought !n this investigation is the modified
thrust augmentation ratio ¢2. This paramater is defined as:

n n
z (mi vi)e + I (mivi)e,aux
6. = iw] i=]
2 v +h v
pp papa .

where ﬁi and v; are the mass flow rate and velocity at ith locationm.

The subscripts e and e,aux stand for ejector exit and auxiliary ejector
exit. The terms ﬁp and ﬁp' are the primary mass flow rates of the
ejector and the auxiliary ejector, respectively. The velocities vp and
vp- are for the primary flows of the ejactor anda the auxiliary ejector,
regspectively.

The thrust augmentation ratio ¢ was calculated from the conventional defi-

nition as: n
ifl (mivi)e
¢ =
0V

PP

The various parameters used in these equations were determined as follows:
l. The mass flow 6p was determined from turbine flow meter

frequency, meter calibration constant and the density of air at

{:
¢
;
F

‘d the measured static pressure and temperature.
The mass flow &p‘ was determined from the pressure differential
of the flow meter, meter calibration constant and the density of
air at the measured static pressure and temperature.

?q 2. For Vp» the Mach number of the flow at the exit of the

. : converging nozzle was calculated from the ratio of the measured

, exit static pressure to plenum pressure (when this ratio is larger

E than the ratio for Mach number of one). Then the sonic speed was

o

r
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determired from the static temperature of the air at the nozzle
exit derived from the meanured plenum temperature for an isen-
tropic process. FPFinally, vp Vas calculated froa the Mach oumber 1
and the speed of sound. When the pressure ratio is equal to or

smaller than the ratio for flow to reach sonic speed, vp Vas

assumed to bea the sonic speed. Similarly the vp. was determined.

3. Por evaluating the term
n

ifl (ﬁivi).

the ejactor exit momentum and the exit mass flux d, were deter-
mined from stagnation and static pressure measurements at 20 loca-
tions across the exit. From the ratio of the static to stagnation 1
pressure, the local Mach number was determined. The exit static
temperature was derived from the weighted stagnation temperatures
of the primary and the secondary flows of tha eajector, from which
the local speed and density were determined. These 20 locations ?

representing 10 equal areas (one circle and nine rings) were
weighted equally to yield the total mass flux and womentum flux.
For evaluating tha term a

I (m
the auxiliary ejector exi% momentum and the mass flow rate a
were determined in a similar manner except that the exit static
pressure was assumed to be the ambient prassure, the total
temperature was room temperature for both primary, and secoundary
flow, and 14 locations were used instead of 20 locatioans.

In addition to the above, other iafocmation regarding the
operation of the ejector were computed. These are: the fraction
of suction f.s. used {an boundary layer control of the ejector
diffuser, the entrained secondary flow m for ejector and L for

c
the auxillary ejector, the mass ratios MR and (MR) the

aux’
normalized static wall pressure distribution P(x)/|P1|, and the

thrust force on the mixing chamber.
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4.

3.

6.

The mass flow rate of the entrained flow of the auxiliary ejec-
tors m,,. is the fluid removed from the diffuser for boundary
laysr control and was determined from the difference of ‘c.nux and

ip.. The (MR) aux "** calculated from the formula

0
MR o 8uc
( )uax ip.

The entrained secondary flow d,) was calculated using the

formula .

By = By * g - 'ip
An alternative method was vsed for cross checking my) by
traversing the exit of the mixing chamber. 1In this alternative
mathod, ‘."sl was determined from the difference of the mass flow
rate within the aixing chamber ihc and the ejector primary
mass flow ratio np or
By = B - ilp
The method of computing i,. 1s similar to that used for @,.

The MR, mass ratio of the ejector, was computed as:

HR-m—sl'

P

The suction fraction for boundary layer coatrol was computed from
ﬁ'suc
f.g, = Oy

P sl
The normalized wall static pressure distribution, P(x)/|P1|. was
used in preliminary testing to scrutinize the possible adverse
pressure gradient. The firat pressure tap is located immediately
downstream of the bell mouth inlet, and its gage pressure reading

wag used as normalization factor.

59

]
i
i
|
!
|
|
i
|
[



P A - - R A T S e, e A R A i S o i S St it 2t T as S ek e hen Svas aewa sven B an Jnme melie wad ~ T —
RATEN R T R OO A O SAANFILEIOR O I B M S IUatire Y Y S St JRsh Mudt Deni ik adh Jediosh A
FE S e e e e e L N N e T o I L T A LT S et

.........

8. The normalized velocity distribution at the mixing chamber exit
was used to determine the vorticity at the diffuser inlet. Its
centerline velocity and the radius of the diffuser at the inlet
weie used as normalization factors for velocity and linear
distance.

9. The thrust force on the mixing chamber was obtained from a astatic
load calibration curve and the strain gage reading. A computer
thrust force Fg. based on exit momentum was determined from

the formula
ic + (¢=1) npvp
or
ch = (¢—1)(1iw)j (Table })
he
X
3
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